next) generation of X-ray spectrometers by more than an order of magnitude in spectral resolution. Such improved capability has enabled us to obtain a ground-based measurement of the kinetic temperature and turbulent velocity of a coronal ion. The observed good agreement between the observed and expected wavelengths of the Ti II and Fe XIII lines indicates that the chromosphere and the corona of CN Leo are not in relative motion with respect to each other as expected for a quiescent corona. CN Leo is a¯are starÐ albeit not¯aring (at least in a major way) during our UVES observations. During a¯are mass motions must occur, possibly with speeds of up to a few hundred kilometres per second. A line-ofsight velocity of 100 km s -1 would lead to a 1.13 A Ê shift of the Fe XIII line, which should be easily detectable with UVES. Thus it should be possible to directly diagnose the coronal dynamics of¯ares on CN Leo and other stars.
Coupling between electrons and phonons (lattice vibrations)
drives the formation of the electron pairs responsible for conventional superconductivity 1 . The lack of direct evidence for electron±phonon coupling in the electron dynamics of the hightransition-temperature superconductors has driven an intensive search for an alternative mechanism. A coupling of an electron with a phonon would result in an abrupt change of its velocity and scattering rate near the phonon energy. Here we use angleresolved photoemission spectroscopy to probe electron dynamicsÐvelocity and scattering rateÐfor three different families of copper oxide superconductors. We see in all of these materials an abrupt change of electron velocity at 50±80 meV, which we cannot explain by any known process other than to invoke coupling with the phonons associated with the movement of the oxygen atoms. This suggests that electron±phonon coupling strongly in¯uences the electron dynamics in the hightemperature superconductors, and must therefore be included in any microscopic theory of superconductivity.
We investigated the electronic quasiparticle dispersions in three different families of hole-doped copper oxides: Bi 2 Sr 2 CaCu 2 O 8 (Bi2212) and Pb-doped Bi2212 (Pb-Bi2212), Pb-doped Bi 2 Sr 2 CuO 6 (Pb-Bi2201) and La 2-x Sr x CuO 4 (LSCO). Except for the Bi2201 (overdoped, transition temperature T c = 7 K) data and that in Fig. 3b , recorded at beam-line 5.4 of the Stanford Synchrotron Radiation Laboratory (SSRL), all the data were recorded at the Advanced Light Source (ALS), as detailed elsewhere 2 .
The top panels of Fig. 1 report the dispersionsÐderived from the momentum distribution curves, MDCsÐalong the (0, 0)±(p, p) direction for LSCO ( Fig. 1a ) and Bi2212 (Fig. 1b) in the superconducting state, and for Pb-Bi2201 in the normal state ( Fig. 1c ), versus the rescaled momentum, k9. We calculate k9 by normalizing to one the momentum k relative to the Fermi momentum k F , (k±k F ), at the binding energy E = 170 meV. A`kink' in the dispersion around 50±80 meV, indicated by thick arrows in the ®gure, is the manybody effect of interest and has been previously reported 2±5 . The direct comparison suggests a similar phenomenon in different systems (although details differ) and at different dopings, with the effect getting stronger in the underdoped region. These results put a strong constraint on the nature of the effect. The similar energy scale of the excitation (50±80 meV) in systems with very different gap energy, ranging from 10±20 meV for LSCO and Bi2201, to 30±50 meV for Bi2212, rules out the superconducting gap as the origin. The data also rule out the proposed explanation 6 in terms of coupling with the magnetic mode at 41 meV (ref. 7) , because of its temperature dependence and its ubiquity. The phenomenon is observed in LSCO where the magnetic mode does not exist. It is also observed well above the transition temperature T c in all cases, but the magnetic mode sets in at T c for optimal and overdoped samples 7 (for example, the 30 K data from overdoped Pb-Bi2201 are measured at six times T c ). These considerations, based on direct experimental evidence, leave phonons as the only possible candidates.
The phonon interpretation receives strong support from a direct comparison between photoemission results and neutron-scattering data on LSCO. As shown by the red arrow and the shaded area in Fig. 1a , the energy of the zone boundary in-plane oxygen-stretching longitudinal optical (LO) phonon, identi®ed by neutrons as being strongly coupled to charge 8, 9 , coincides with the`kink' energy in our dataÐbarring a minor correction due to the small superconducting gap of 10 meV. We identify this mode as the highest energy phonon that contributes strongly to the ARPES (angle-resolved photoemission spectroscopy) data. However, other phonon contributions should be considered as well; for example, the apical mode 10 , which is related to the in-plane oxygen-stretching mode. Additional support for the phonon model comes also from an analysis of temperature dependence. In the lower panels of Fig. 1 we report the evolution of the`kink' above and below the transition temperature for LSCO ( Fig. 1d ) and Bi2212 (Fig. 1e ). In both cases, the kink' clearly persists above the transition temperature as expected for electron±phonon interaction, but a thermal broadening is present. Figure 2a±c shows data from energy distribution curves (EDCs) of Bi2212 along the (0, 0)±(p, p) direction at different dopings; also shown for comparison are corresponding data for the Be (0001) surface state 11, 12 (Fig. 2d )Ðin which the electron±phonon interaction is known to be strongÐand simulated spectra ( Fig. 2e ). A strong similarity among the raw spectra can be observed. In the case of Be, the 65-meV phonon sets a scale below which a sharp quasiparticle is possible. This leads to a`dip' or`break' in the spectra near the phonon energy, indicated by the vertical dashed line. This feature is well reproduced in the simple simulation, where a quasiparticle is isotropically coupled to a collective mode near 70 meV (refs 6, 13) . The Bi2212 data show also a clear resemblance, with a (p, 0) LO-phonon near 55 meV (ref. 9 ), but pushed up by the superconducting gap. All the data suggest that there is an energy scale close to the expected phonon frequency. Therefore, the notable similarity between the Bi2212 data and that of a known phonon case strongly supports the phonon explanation.
In Fig. 3a we report the quasiparticle width of Bi2212 for different doping, obtained using a typical procedure 2 . As shown before 2,3 , the width decreases more rapidly below the relevant energy, which corresponds to the kink position in the dispersion. This again is consistent with the case of an electron±phonon coupled system, complementing dispersion data in Fig. 1 . The drop in the scattering rate near the relevant energy is also seen in optics experiments 14 . Figure 3b reports the`dip' energy of ARPES spectra near (p, 0) as a function of doping. The data are consistent with the idea that the 55-meV LO phonon energy sets the lower bound 9 . A realistic modelÐwhich considers the change of the (p, 0) band position with doping, bilayer splitting (which severally distorts (p,0) spectra 15, 16 ), electron±phonon interaction and energy gapÐwill be needed to understand the speci®cs of the data, including the small decrease of the dip energy with doping.
In a simple electron±phonon model, the ratio of the velocities of the bare and the dressed electrons is (l + 1), where l measures the electron±phonon coupling strength. We can extract a similar quantity from the ratio between the high-energy velocity above the phonon energy (which approximates the velocity without phonon interaction) and the dressed velocity below the phonon energy. The two velocities are determined by ®tting the experimental dispersions with two straight lines. The coupling strength determined from the experimental data, l9, is proportional to l, but is an overestimate for two reasons. The ®rst is that the highenergy dispersion overestimates the bare velocity. The second is that electron±electron scattering also in¯uences the dispersion away from the phonon energy, especially in the high-energy part that we use as the bare velocity. In Fig. 1f we report the doping dependence of l9 along the (p, p) direction. An estimate of l can alternatively be obtained by ®tting the experimental data with a model (for example, the Debye model), or assuming the bare velocity as given from band calculations. In both cases the obtained values are smaller than l9, but the decreasing trend with doping is identical. In Fig. 4a , we show the velocity ratio for different materials as a function of the angle f along the entire Fermi surface (Fig. 4b) . Data obtained from different experimental runs are included in the ®gure (®lled and un®lled symbols). In Fig. 4b we report the rescaled MDC-derived dispersions for Pb-Bi2212 taken with 55-eV photons along the two high-symmetry directions, GY ((0, 0)±(p, p)) and GM ((0, 0)±(p, 0)). The total change in the ratio with angle is slightly less than a factor of two. In particular, the data from both Pb-doped Bi2212 and Pb-doped Bi2201, where the superstructure effect near (p, 0) is minimized, give con®dence to the conclusion.
The conversion from velocity ratio to the coupling constant l away from the (p, p) direction requires a correction due to the band structure effect (including bilayer-splitting) that increases away from the (p, p) direction 15, 16 , but the conclusion that the coupling is not very anisotropic remains true. No direct relation with the superconducting transition is observed, as can be seen in the same ®gure where data above (100 K) and below (20 K) the critical temperature are reported in the case of Pb-doped Bi2212. Both the angle dependence and the temperature dependence are consistent with the phonon interpretation, as phonons are more isotropic and will not disappear above T c .
Although these experimental ®ndings point toward phonons as the only possible model, some previous work needs to be addressed. The kink in the dispersion along the (p, p) direction and the dip in the EDCs near (p, 0) has been attributed 6 to the 41-meV magnetic mode (ref. 7) . Comparing the doping dependence of the energy difference between the dip and the superconducting gap in photoemission data, with that of the magnetic mode in neutron data, a de®nitive proof for the magnetic mode as the origin of the``peak± dip±hump'' structure has been claimed 17 . On the other hand, the absence of an energy scale in the problem has been put forward 4 , and the kink in the dispersion has been overlooked 4 . The curving in the normal state dispersion has been attributed to the marginal Fermi liquid (MFL) self-energy 18 , and the presence of a sharp kink below T c has been attributed to coupling to the (p, p) magnetic mode 19 .
Apart from its incompatibility with our data, the above magnetic e, EDCs of simulated spectra, obtained in the simple case of an isotropic coupling to a single phonon mode. The straight, vertical line highlights the zero-energy position, and a dashed line highlights the approximate`dip' position, which is related to known phonon energy 8 (see text). mode model has serious weaknesses. First, the mode contains only a few per cent of the total spin¯uctuation spectral weight 20 , so it is an unlikely explanation for the very large change seen in EDC spectra above and below T c . Second, the electronic model is dif®cult to implement self-consistently, as the mode will be altered by the interaction with electrons 6 . Third, the magnetic mode calculation claims to reproduce the experimental data that yield a huge change of the velocity ratio near the (p, 0) region 6 . The inset of Fig. 4a compares the velocity ratio found in the present study with previous data 3 . The comparison shows good agreement for f # 308, but a large discrepancy is observed for f $ 308. We attribute this difference to confusion caused by the superstructure, which complicates the data near the (p, 0) region in the pure Bi2212 sample used in the previous study 3 . We have chosen superstructure-free Pb-Bi2212 for this investigation. Our data and the above discussion rule out the magnetic mode as a possible model, and this also makes the`MFL plus magnetic mode' interpretation an unsuitable explanation for the data. Furthermore, some of the normal-state dispersion dataÐfor example, the 7% underdoped LSCO (Fig. 1a ) measured at T c where the kink is sharperÐcannot be ®tted within the MFL approach, even with an arbitrary choice of parameters. If the 7% LSCO data can only be explained by coupling to phonons, it is likely that a similar effect, observed at higher doping and temperatures, requires the same cause. Finally, this attempt to attribute the`kink' in the dispersion, occurring at the same energy above and below T c , to two different origins is not consistent with the data in Fig. 1d and e, where it can be seen that the effect washes out gradually with temperature.
The phonon model can explain all the aspects of the data attributed to the magnetic mode in a more natural way (N. Nagaosa et al., personal communication). This approach has the added advantage of not suffering from the tiny spectral weight and the self-consistency issue present in the magnetic mode calculation. The phonon picture naturally explains the gradual temperature evolution observed in the MDC-derived dispersions.
Although electron±phonon interaction provides the only interpretation consistent with overall body of data, we need to mention a few caveats. The standard theory of electron±phonon coupling predicts a drop in resistivity at phonon frequency , or a saturation above a temperature T < 0:3 2 0:5 . The drop at has been observed and discussed in connection with the data in Fig. 3 , although it was given an alternative interpretation 22 . The temperature dependence of the resistivity shows a complex doping dependence, with a saturation seen in the underdoped regime but not near the optimal and overdoped regimes 22 . An understanding of this complex behaviour requires going beyond the simple Fermi liquid theory, but is not incompatible with the presence of electron± phonon coupling 23 . The lack of resistivity saturation is also seen in doped C 60 compounds where the electron±phonon interaction is very strong 24 . An improved theory needs to consider the strong electron±electron interaction, the pseudogap 25 , and vertex correction, that suppress the large momentum transfer scatterings 26 , making phonons hard to detect by resistivity experiments. Finally, we stress that electron±phonon interaction in strongly correlated materials is a largely unexplored topic, and we hope that our ®nding will stimulate more theoretical work. Liquid silica is the archetypal glass former, and compounds based on silica are ubiquitous as natural and man-made amorphous materials. Liquid silica is also the extreme case of a`strong' liquid, in that the variation of viscosity with temperature closely follows the Arrhenius law as the liquid is cooled toward its glass transition temperature 1, 2 . In contrast, most liquids are to some degreè fragile' , showing signi®cantly faster increases in their viscosity as the glass transition temperature is approached. Recent studies 3±6,35,36 have demonstrated the controlling in¯uence of the potential energy hypersurface (or`energy landscape') of the liquid on the transport properties near the glass transition. But the origin of strong liquid behaviour in terms of the energy landscape has not yet been resolved. Here we study the static and dynamic properties of liquid silica over a wide range of temperature and density using computer simulations. The results reveal a change in the energy landscape with decreasing temperature, which underlies a transition from a fragile liquid at high temperature to a strong liquid at low temperature. We also show that a speci®c heat anomaly is associated with this fragile-tostrong transition, and suggest that this anomaly is related to the polyamorphic behaviour of amorphous solid silica.
In a molecular dynamics computer simulation of an equilibrium liquid, the diffusion coef®cient D is readily evaluated from the particle trajectories. Like the viscosity, D is a characteristic transport property whose deviations from the Arrhenius law serve to classify a liquid as strong or fragile. The theory of Adam and Gibbs (AG) 7 states that D is related to the con®gurational entropy, S c through
where the parameters D 0 and A are commonly assumed to be independent of temperature, T. The entropy S c quanti®es the number of distinct con®gurational states explored by the liquid in equilibrium. It has been suggested that these states correspond to the`basins' of the potential energy hypersurface (PES) sampled by the liquid 8, 9 . A basin is the set of points in phase space representing con®gurations having the same local minimum. The local minimum con®guration is termed an inherent structure (IS), and is identi®ed in simulation by a steepest descent minimization of the potential energy.
Following the thermodynamic formalism of Stillinger and Weber 8 , we can express the internal energy of the liquid as E e IS E harm E anh , where e IS is the average inherent structure energy and the last two terms are the average contributions to E due to thermal excitations about the IS. The term E harm is the average harmonic contribution determined from a quadratic approximation to E around each inherent structure minimum, and E anh is the remaining, necessarily anharmonic contribution. The harmonic and anharmonic potentials characterize the shape of the basin.
If the shape of the basins does not depend on e IS (a condition 0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000 1,000/T Figure 1 Variation of inherent structure energy e IS with temperature T. Main panel: e IS as a function of T along two isochores. At T 0 we show the energy E 0 of the crystalline system at density r 2:36 g cm 2 3 (®lled square) and r 3:01 g cm 2 3 (open square). E 0 is found by calculating the volume dependence of the potential energy at T 0 of three crystal polymorphs of silica (stishovite, coesite and quartz), and then using the common tangent construction to determine the potential energy of the heterophase of coexisting crystals that would be the ground state at the required bulk value of r. Inset: e IS for the same isochores as in the main panel, plotted as a function of 1/T. Only the highdensity data show a clear 1/T behaviour at low T.
